† Background and Aims Windstorms are the major natural hazard affecting European forests, causing tree damage and timber losses. Modelling tree anchorage mechanisms has progressed with advances in plant architectural modelling, but it is still limited in terms of estimation of anchorage strength. This paper aims to provide a new model for root anchorage, including the successive breakage of roots during uprooting. † Methods The model was based on the finite element method. The breakage of individual roots was taken into account using a failure law derived from previous work carried out on fibre metal laminates. Soil mechanical plasticity was considered using the Mohr-Coulomb failure criterion. The mechanical model for roots was implemented in the numerical code ABAQUS using beam elements embedded in a soil block meshed with 3-D solid elements. The model was tested by simulating tree-pulling experiments previously carried out on a tree of Pinus pinaster (maritime pine). Soil mechanical parameters were obtained from laboratory tests. Root system architecture was digitized and imported into ABAQUS while root material properties were estimated from the literature. † Key Results Numerical simulations of tree-pulling tests exhibited realistic successive root breakages during uprooting, which could be seen in the resulting response curves. Broken roots could be visually located within the root system at any stage of the simulations. The model allowed estimation of anchorage strength in terms of the critical turning moment and accumulated energy, which were in good agreement with in situ measurements. † Conclusions This study provides the first model of tree anchorage strength for P. pinaster derived from the mechanical strength of individual roots. The generic nature of the model permits its further application to other tree species and soil conditions.
INTRODUCTION
Windstorms are among the primary causes of destruction in forests (Gandhi et al., 2008; McCarthy et al., 2010) . In particular, they are the major hazard affecting European forests, causing tree and timber losses. Moreover, reported wind-induced damage in Europe has increased since the last century due to forest expansion (Gardiner et al., 2010) . The increasing stock and average age of European forests and the observed ongoing climate changes, with the prediction of stronger windstorms (Della-Marta and Pinto, 2009) , may also lead to a growing wind risk. For instance, storm Klaus, which hit southern Europe in January 2009, resulted in an estimated 43 000 000 m 3 of timber being blown down in southwest France, including a volume of 37 000 000 m 3 for Pinus pinaster (GPMF, 2011) .
Numerous efforts have been made to model forest damage caused by wind . They have led to several predictive models for forest damage (overturning, stem breakage), i.e. HWIND, GALES and FOREOLE (Peltola et al., 1999; Gardiner et al., 2000; Ancelin et al., 2004) . These models included empirical relationships to determine the tree's resistance to overturning based on tree-pulling tests. They are therefore are limited to the site conditions for which they were built (GALES and FOREOLE) . Moreover, the resistance to overturning predicted by these empirical relationships used rough and simplified parameterization (HWIND).
Tree anchorage capacities vary with time and result from complex interactions between growing roots and their physical and biological environment. Previous observations and experimental studies have reported that part of root architecture plasticity is due to biomechanical acclimation when trees are subjected to wind loads (Stokes et al., 1995; Nicoll and Ray, 1996; Coutts et al., 1999; Tamasi et al., 2005; Lundström et al., 2007; Nicoll et al., 2008; Danjon et al., 2013) . In particular, biomechanical acclimation of trees has been proved in the case of adult P. pinaster trees, for which asymmetrical patterns can play an important mechanical role in tree anchorage (Danjon et al., 2005) . In the context of global change it is very important for wind risk prediction models to take into account the ability of trees to develop stronger anchorage with specific root traits as a biomechanical response to the wind. We therefore have to provide a tool capable of predicting tree stability by taking into account the acclimation of root systems and changes in soil strength as a function of climate conditions. This requires progress in understanding the uprooting process as a function of tree characteristics and soil material properties. The first studies on tree uprooting mechanisms were based on the experimental work of Coutts (1983 Coutts ( , 1986 , who also developed the first systematic method of analysing tree anchorage (Coutts, 1986) . This author quantified the relative impacts of different anchorage components on Sitka spruce, i.e. root -soil weight, root material strength under tension and soil strength, on the overturning resistance of spruce. This method led to the first mechanistic model of tree anchorage (Blackwell et al., 1990) that described the root anchorage strength in terms of these components. Understanding of the anchorage mechanism progressed with the use of numerical analysis and advances in plant architecture digitizing (Dupuy et al., 2005b (Dupuy et al., , 2007 Fourcaud et al., 2008) . This approach used the finite element method (FEM) to calculate the deformation of root -soil systems in three dimensions. Real and simulated root systems with their specific architectural properties were considered in the simulations. These analyses allowed comparison of the theoretical anchorage performances of different root types, i.e. tap-, herringbone-, heart-and plate-like root systems, in clay and sandy soils. In addition, Fourcaud et al. (2008) attempted to quantify the relative roles of root components, e.g. superficial laterals, deep roots and tap roots, in anchorage strength in different soil types using a simple 2-D FEM model. Rahardjo et al. (2009) developed a finite element model of root anchorage and used a parametric study to examine the influence of soil properties. Thus, numerical models have been used essentially to investigate the influence of root architecture on tree anchorage using theoretical parameters for soil and roots. Less is known about the failure mechanism, which is crucial for predicting the occurrence of uprooting. This implies to better understand the effect of soil -root friction, root strength and soil strength on the whole response of root systems involved in the overturning process.
Our paper has two objectives. Firstly it presents a new model of tree anchorage that simulates the root breakage mechanism during tree uprooting, and secondly it tests this model in comparison with a field experiment in the case of young P. pinaster, which has simpler root architecture than adult specimens. In the first section we present the basis of the model and the tree-pulling tests performed in the field. In the second section, we analyse the simulated response of the whole root system and compare it with measurements, and in the last section we discuss the model's capacity to simulate uprooting.
MATERIALS AND METHODS

Anchorage model
The FEM model presented here is based on the initial work by Dupuy et al. (2007) and uses the ABAQUS software, version 6.13 (http://www.3ds.com/products-services/simulia/portfolio/ Abaqus/). The model is composed of three parts: (1) the parallelepiped soil domain; (2) the root system; and (3) a perfectly rigid stem used as a lever arm to mimic tree uprooting (Fig. 1) . All relevant details not given here can be found in Dupuy et al. (2007) . The vertical rigid stem was tied to the top of the stump of the root system; therefore, the stem base and the top of the stump always had the same displacement. The 3-D root architecture was modelled as an assemblage of discretized beams with a defined topology, branching pattern and geometry. It was imported in ABAQUS from the software Xplo (http://amapstudio.cirad.fr/ soft/xplo/start; Griffon and de Coligny, 2013) dedicated to the encoding and visualization of plant architectures.
In this new model, the developments were focused on rootsoil interaction, the mechanical behaviour of root material and the characteristics of the soil. Due to the complexity of meshing root architecture with 3-D solid elements, the roots were considered as embedded beam elements. We evaluated the relevance of this choice in a preliminary study carried out on a 3-D direct shear test of a soil block with root inclusions. Simulations considering roots modelled with embedded beam elements were compared with simulations using 3-D solid elements and root -soil interface friction properties (see Appendix). This study concluded that (1) the embedded beam elements mimicked the friction behaviour at the root -soil interface with a friction coefficient of 0 . 1; and (2) for friction coefficients ranging from 0 . 1 to 0 . 9, the relative difference between the two approaches was always ,21 % during the entire shear process. Embedded beam elements were then used in the anchorage model, implying that all the roots were slender structures embedded in the soil region. The roots were meshed with 3-D two-node linear Timoshenko beam elements with circular crosssections (B31 in the ABAQUS element library).
The anchorage model described above allows the tree anchorage behaviour of various tree species to be modelled under different soil conditions. In our study, we chose a specific case of P. pinaster planted in sandy soil. The inputs of the model were: (1) a digitized root system of P. pinaster excavated after an in situ tree-pulling experiment; (2) soil properties from soil measurements in the laboratory; (3) root material properties from data taken from the literature, as described in the following sections. The model outputs were expressed by using response curves, i.e. 'turning moment' versus 'deflection angle at the stem base' and the energy supplied to the system during uprooting.
Formalism of individual root rupture. In the previous modelling work of Dupuy et al. (2007) , the roots could only yield in the same way as metals, which exhibit plastic-like yielding, and the stresses remained stored in the roots after reaching the plasticity criterion. However, the roots were expected to exhibit brittle behaviour in tension, with their cumulated stress released and redistributed to the remaining roots during the uprooting process. Such features have been repeatedly observed and modelled when considering soil reinforcement by fine roots with diameter generally ,1 cm (Abernethy and Rutherfurd, 2001; Pollen and Simon, 2005; Pollen, 2007) . Therefore, roots were modelled as brittle material in the present root anchorage model. An elastic failure law based on continuum damage mechanics was developed for roots under tension, compression and bending, based on previous constitutive laws regarding fibre metal laminates (Linde et al., 2004) . The law described by Linde et al. (2004) was adapted for wood beam elements and implemented in ABAQUS through the UMAT user subroutine. In this model, roots are elastic in their initial state. During incremental loading, the damage initiation criterion is evaluated at each material point in every beam cross-section to detect the onset of damage. If the damage initiation criterion is reached, root stiffness degradation can be derived from the damage evolution law. The linear elastic behaviour defined in the beam crosssection axis is given by:
and Figure 2A gives an example of the behaviour of f -1 t 11 (using data SA5, Table 3 ). As long as the damage initiation criterion is reached, the damage variable d is defined as the damage evolution law:
where L c in our case is the characteristic length of the beam element and G f is the fracture energy of the root material. The damage variable d is valid and takes continuous values from 0 to 1 from the axial failure strains defined by f in the compressive and tensile directions. Figure 2B gives an example of the behaviour of d in the tensile direction (data set SA5 of Table 3 ). The damage variable d increases abruptly, which means our constitutive law models root brittleness correctly. Finally, stiffness degradation in the root material is modelled by including the damage variable in the stiffness matrix as follows:
This shows that, after reaching the damage initiation criterion, the evolution of d causes the stiffness in the root material to decrease progressively. In our case, convergence difficulties occurred during calculations due to the complex geometry (the multi-branched root system) and large deformations. Thus, viscous regularization is applied to the damage variable d to improve convergence, and the regularized damage variable d v is used in the program instead of d:
where h is the viscosity parameter controlling the rate at which d v approaches the true damage variable d. The value of h is assumed to be small compared with the size of the increment to satisfy the assumption of quasi-brittle material.
Verification of the model for individual root failure. Before applying the constitutive law to the whole root system, it is necessary to test whether it reproduces the brittle rupture of the root material; rupture is expected to occur at the strength limits (s t 11 or s c 11 ) with a sharp decrease in stress after failure. Tensile, compressive and bending tests were performed numerically in ABAQUS on a cantilever beam 1 m in length and 0 . 04 m in diameter, with a characteristic length (L c ¼ 0 . 1 m) and the root material properties for SA5 given in Table 3 . Displacement was separately imposed at the free end of the beam in the tensile direction, the compressive direction and perpendicular to the axial direction (Fig. 3A) . Panels 1, 2 and 3 in Fig. 3 show the force-displacement curves obtained at the free tip of the beam during calculations for tensile, compressive and bending simulation tests, respectively. Figure 3B4 illustrates the numerical effect due to the viscous regularization parameter h. Panels 1 and 2 in Fig. 3B show that the root tensile and compressive strength predicted by tests agree well with the input (s t 11 and s c 11 ). Root compressive behaviour is as brittle as that in tension and the root fails in compression at a lower axial strain, while the degradation of bending strength and stiffness is more gradual (Fig. 3B3 ). Parameter h for viscous regularization was calibrated by beam tensile tests with five different h values ranging from 0 . 00001 to 0 . 1, compared with the increment of 0 . 02 (Fig. 3B4 ). The three smaller h values (0 . 00001, 0 . 0001 and 0 . 001) predict curve behaviour similar to that without viscous regularization. However, the results from larger h values (0 . 01 and 0 . 1) predict less brittle tensile behaviour and overestimate the tensile strength of the root specimen. Thus, small h values compared with the characteristic size of increments should be used to avoid numerical discrepancies when modelling root mechanical behaviour. In the following, simulations hold for h ¼ 0 . 000075. 
Field experiment and parameter measurements
Site and tree-pulling experiment. A tree-pulling experiment was carried out on 24 April 2012 on a selected 13-year-old P. pinaster tree 0 . 18 m in diameter at breast height (Nézer forest in the southwest of France, altitude 15 m, latitude 44 . 6/ 448 36 ′ 0 ′′ N, longitude -1 . 03333/18 1 ′ 60 ′′ W; la Mairie du Teich). In 2012 the site had a total yearly rainfall of 846 . 7 mm and a mean temperature of 9 . 28C (Météo France). The pulling direction was perpendicular to the prevailing wind direction (northwest). The experimental protocol was similar to that used by Nicoll et al. (2006) and many others (Coutts, 1986; Moore, 2000; Cucchi et al., 2004; Kamimura et al., 2012) . The selected tree was overturned with a motorized winch (WinchMax 7550, 5681 kg; Winchmax, UK; http://www.winchmax.co.uk/). The cable was attached to the stem of the pulled tree at the height of 1 . 68 m. The winch was attached to the stem base of an anchor tree at a distance of ≃12 m from the pulled tree so that the pulling force can be considered horizontal with an error of 1 %. The part of the tree above this height was cut off. The pulling force was measured by a load cell (SM 5420, 50 kN; Sensel, France) and the stem deflection angles on the top and at the base of the stem were measured by two inclinometers (SN: 25276; Sensel, France). The turning moment was calculated using the horizontal component of the pulling force.
Root architecture. Root system excavation, measurements and modelling were performed according to Danjon et al. (1999 Danjon et al. ( , 2005 . On 15 May 2012 the soil surrounding the damaged root system was removed with a high-pressure soil pick (Soil Pick; MBW Inc., USA; http://www.mbw.com/products/Pick.aspx) and the root system was excavated with a large mechanical shovel. Roots thinner than 1 cm in basal diameter were removed before the measurements. Root breakages were marked and large root deformations corrected manually, in order to return as close as possible to the undamaged state of the root system. In the meantime, the root system was discretized by a Polhemus Fastrak low magnetic field digitizer (Polhemus, Colchester, VT, USA; http://www.polhemus.com) and encoded in a standard format (MTG) commonly used for representing branching topological relationships at different observation scales (Godin and Caraglio, 1998 ). The MTG file was then read by Xplo software and exported to the root anchorage model in a format readable by ABAQUS.
Soil mechanical parameters. Around the pulled tree, soil was sampled at four locations in the main cardinal directions at depths of 0 -10, 10-30 and 30-60 cm, just above water table level (≃60 cm depth) to measure soil bulk density and water content and to collect material for the mechanical tests. Then, 12 sandy soil samples were reconstituted with an initial dry bulk density of 1410 kg m -3 and an initial gravimetric water content of 0 . 11 g g -1
, both corresponding to the mean values measured in the field. Direct shear tests were conducted using a Wykeham Farrance shear testing machine to characterize soil mechanical properties. The soil material was assumed to be initially linear elastic (defined by modulus of elasticity E s ), combined with plastic behaviour modelled using the MohrCoulomb failure criterion available in the ABAQUS materials library (Table 1) :
where t max is soil shear strength, s n the normal pressure in the soil failure plane, f the soil internal friction angle and c the soil cohesion (Bardet, 1997) .
Simulation set-up
Simulations were performed to mimic the field experiment. The stem height at which the pulling force was applied was 1 . 68 m. The soil domain (dimensions 8 m × 8 m × 4 m) was meshed with eight-node linear brick elements with reduced integration (C3D8R in the ABAQUS element library), with the region containing the roots meshed into finer elements with an approximate edge size of 0 . 25 m. Symmetrical boundary conditions (XSYMM and YSYMM in the ABAQUS Analysis User's Guide) were imposed on the four laterals of the soil domain so that these faces were blocked to constrain soil motions with respect to the planes considered (x, z and y, z). The boundary condition of fully built-in (ENCASTRE in the ABAQUS Analysis User's Guide) was defined for the bottom of the soil to block all six degrees of freedom in the x, y plane. The root architecture measured was imported into ABAQUS as already explained. Loading was applied on the root -soil system in two steps: the gravity body force was applied first with gravity constant g ¼ 9 . 81 m s
22
, then a horizontal displacement of 1 . 2 m was imposed in the direction of the x axis at the top of the stem to ensure a maximum deflection angle of 458. This displacement implies large deformations in the root-soil system, which makes sure that maximum turning moment occurs largely before the end of the simulation. The reaction force and corresponding displacement at the top of the stem were recorded during the simulation. The force-displacement response curves were analysed by calculating the work done by the pulling force as the integral of pulling force F as a function of the maximum horizontal displacement, d 0 , imposed on the top of the stem:
with x the horizontal displacement. The 3-D anchorage model requires a set of root parameters, namely r r (root density), E r , s t 11 , s c 11 and G f , to characterize root mechanical behaviour. The relationships among these parameters were developed using recent evidence for stem wood of pine species and roots of P. pinaster reported in the literature (Stokes and Mattheck, 1996; Stokes et al., 1997; Khuder et al., 2007; Niklas and Spatz, 2010; Kretschmann, 2010) . Niklas and Spatz (2010) showed that the modulus of elasticity E r was linearly correlated to root density r r , tensile strength s t 11 and compressive strength s c 11 for the stem wood of more than 100 worldwide species. Here data for green wood samples of 16 pine species (Kretschmann, 2010) were used to obtain these relationships ( Table 2) . Values of r r and E r were found to decrease with increasing distance from the tree stem in the lateral roots of P. pinaster (Khuder et al., 2007) . Thus, considering that the diameter decreases with increasing distance, r r and E r were assumed to be positively linearly correlated to root diameter. E r was fixed at 8 GPa for a root diameter of 3 . 5 cm in the first simulation, SA1 (range taken from data source: Stokes et al., 1997; Khuder et al., 2007) . A linear variation in E r from 7 . 2 to 8 . 8 GPa was defined for SA1 for root diameters ranging from 1 to 6 cm (Fig. 4) . The value of E r for roots of diameter ,1 and .6 cm was fixed at constant values equal to 7 . 2 and 8 . 8 GPa, respectively (Fig. 4) . Then all the other mechanical parameters related to E r were determined using relationships in Table 2 . The fracture energy G f was fixed at a value found in the literature (Dourado et al., 2008) , i.e. 209 . 4 J m 22 for the stem wood of P. pinaster for all the simulation cases. To take into account variety in mechanical properties and variety in relationships between mechanical and geometric properties (i.e. root diameter in our study), four other simulation cases were defined in the same way with (1) different E r central values for roots of diameter 3 . 5 cm (9 . 2 and 6 . 8 GPa in SA2 and SA3, respectively; Two other simulations, SA6 and SA7, without root failure behaviour were also performed in comparison with the previous five simulations and the experiment. Simulation SA6 defines elastic behaviour for all roots with E r of 8 GPa and a Poisson ratio of 0 . 3 for all roots, and SA7 defines elastoplastic behaviour, with the elastic behaviour again E r ¼ 8 GPa and plastic threshold the same value of s t 11 as that defined for SA5. All root mechanical parameters used in these simulations are summarized in Table 3 .
RESULTS
Moment-rotation response curves
Simulations in comparison with the experiment. The response curves provided by the simulations with root breakage and the in situ tree-pulling test were compared, taking the deflection angle at the stem base. The simulated response curves exhibited typical behaviour for brittle material with successive root breakages (Fig. 5) . Large decreases in turning moment are due to root breakages whereas very small decreases are mainly due to numerical errors related to local algorithmic convergence difficulties. The simulations suggest that the contribution of roots to anchorage strength is strongly influenced by their mechanical properties. For example, the abrupt decrease in turning moment by 2130 N m at 7 . 38 for simulation SA3, caused by the breakage of a thick counter-winchward lateral root, was delayed in cases SA1 and SA2 which had globally higher E r , s Root breakage in comparison with no root breakage. The response curves, i.e. the turning moment of the pulling force against the deflection angle at the stem base, obtained from two simulations (SA6 and SA7) without root breakage were compared with a representative simulation, SA1, defining root breakage and the experiment (Fig. 6 ). SA6 predicted a continuously increasing turning moment within the considered interval of deflection angle. Therefore, defining the critical turning moment for root anchorage strength would be inappropriate. The turning moment predicted by SA7 reached the global maximum deflection angle at 27 . 58, after which it decreased slightly and gradually. The slight decrease in turning moment is probably due to both the negative contribution of soil softening behaviour after plastic yielding and the zero contribution of the root after plastic yielding. Within the considered interval, SA1 predicted a response curve similar to that of the experiment in terms of magnitude of turning moment. SA6 and SA7 predicted clearly much higher values in turning moment with respect to SA1 and the experiment.
Evolution of apparent stiffness of the root -soil system during the tree-pulling process. Simulations including root breakages exhibited abrupt decreases in the moment -rotation response curves, followed by increases. These local increases characterize the root -soil system strength, which changes during the uprooting process. It can be quantified in terms of apparent stiffness of Table 3 .
the root -soil system due to successive breakages and successive activation of new roots to sustain the loading. The trend of system stiffness degradation as a function of deflection angle is thus represented by progressively decreased apparent slopes (i.e. K1, K2, K3 and K4) within four intervals of deflection angle. To determine K1, K2, K3 and K4, we proceeded as follows:
(1) for each of the five simulation curves, we first identified four successive intervals with an apparent slope to be determined for each of them; (2) the apparent slope within each interval of the simulation was determined by linear regression; (3) then, each Ki was calculated for interval i as the mean value of apparent slopes from five simulation cases. For all simulations, the first recovery of the turning moment characterized by K2 gave rise to a local maximum turning moment at ≃108. This interval matched the deflection angle at which the critical turning moment occurred in the experiment (148). However, the second recovery of turning moment characterized by K3 gave rise to the global maximum at ≃308, slightly higher than the previous one. Compared with the simulation curves, the curve from the experiment was much smoother, being divisible into three parts marked by two abrupt decreases in turning moment, at 148 and 388 respectively. Recovery after the peak value was small enough to be neglected. Taking the global peak as the critical turning moment, simulations SA1-SA5 overestimated anchorage strength by up to 17 . 8 %.
Another main difference between the measured and simulated response curves was the initial stiffness behaviour. Firstly, the initial stiffness estimated by all simulations was higher than the measured value. Secondly, the measured stiffness gradually decreased, as characterized by the smoothness of the curve, whereas in the simulations the decreases in initial stiffness due to root breakages were abrupt and without transition.
Energy induced by the pulling force: simulations in comparison with the experiment
The fundamentals of continuum damage mechanics have related numerous energy-based concepts and approaches to the damage behaviour of materials (Krajcinovic, 1996; Murakami, 2012) . Simulations were analysed using the stored energy of the root -soil system induced by the pulling force. shows the evolution of energy induced by the pulling force as a function of the horizontal displacement at the pulling point during the tree-pulling process, for simulations SA1 -SA5 and the experiment. For all the simulations, the energy was in good agreement with that of the experiment. At the initial loading stage (horizontal displacement of pulling point ranging from 0 to 0 . 2 m) the root-soil system in all the simulations was stiffer than that in the experiment. Therefore, the predicted energy was initially higher in all the simulations.
Linking successive root breakage to tree mechanical response to overturning
Our model can now be used to examine successive root breakage during the uprooting process. Figure 8 illustrates how broken roots can be detected and the connection between successive root breakage and the mechanical effect on root anchorage strength. The response curve shows the turning moment calculated at the stem base versus the deflection angle at the stem base (Fig. 8A) . The first square mark on the curve is linked to Fig. 8B1 , which shows the state of the intact root system just before the first root breakage. The uniform greenish blue colour in the root system indicates the zero value of the damage variable d (SDV1 in the legend), meaning no damage has occurred. The second square mark on the curve is linked to the state of the root system shown in Fig. 8B2 . Figure 8B2 shows the moment after the successive breakage of three finer intermediate roots ,2 . 5 cm in basal diameter, a lateral root 5 . 5 cm in basal diameter and a thick chuck-like oblique root 8 . 7 cm in basal diameter. Broken root segments are represented in red in Fig. 8B2 . These broken roots reduce the turning moment by 1905 N m. The third square mark corresponds to the moment just before the breakage of a thick lateral root in the counterwinchward direction (the root marked by a circle in Fig. 8B3 ), and the fourth square mark to the moment immediately after root breakage (the damaged root zone circled in Fig. 8B4 ).
Breakage of this thick lateral root alone leads to a sudden drop of 2130 N m in turning moment. After each drop in turning moment caused by root breakage, the redistribution of stresses released by the broken root(s) to the other roots leads to another recovery of the turning moment. The root breakage tendency (i.e. root types and locations) predicted by our model was compared with field observations during root system excavation. Field observations showed breakage of a large number of relatively finer roots, a large shallow root in the counter-winchward direction and a shallow root in the sector perpendicular to the winchward direction. In particular, the damage in the thick shallow root in the counter-winchward direction was initiated very close to the stump, cracking along a large segment. The detailed root damage state in Figure 8B4 shows that our model predicts qualitatively fairly well the observed root breakage tendency; the same shallow root in the counter-winchward direction was also broken close to the stump, and many small roots were broken.
DISCUSSION
Our strategy for developing the model was to provide a model with the same degree of physical realism for the three main components: (1) root architecture; (2) root mechanical strength; and (3) soil strength. As previous numerical work has focused on root architecture (Dupuy et al., 2005b; Fourcaud et al., 2008) , this new model was developed to integrate a more realistic description of individual root behaviour and soil. A constitutive law for root mechanical rupture was developed to describe root failure under tension, bending and compression. Using data from the literature, we established a specific parameterization for root mechanical properties and their variation as a function of root dimensions. This method led to simulation of the successive breakage of roots during uprooting, something that had not been done before. Also, the simulated tree response curve obtained without any calibration was in good agreement with our observations. The following section is devoted to an examination of these results and an assessment of the potential of this new model and its limitations.
Initial root -soil stiffness
The initial stiffness of the root -soil system was not properly estimated by the model. However, it is important to accurately estimate tree inclination in addition to trunk bending under the effect of wind. In particular, to assess the risk of uprooting the initial stiffness is required in order to estimate the moment applied to the crown due to wind and gravity and compare it with the critical turning moment. Moreover, it could be valuable when considering damage resulting from tree inclination after a windstorm without uprooting or breakage, i.e. toppling, usually reported for young trees (Moore et al., 2008) , or when considering the wind's interaction with trees for landscape-scale problems (Gardiner et al., 2000) . In the latter case, it is common to model the root-soil system without flexibility due to a lack of quantitative information, despite the fact that including flexibility improves prediction (Neild and Wood, 1999; Jonsson et al., 2006 ). The present model overestimates the initial stiffness of the root -soil system. We performed a sensitivity analysis in order to identify the model parameters responsible for this discrepancy SA1 (E r = 8 ± 0 . 8 GPa) SA2 (E r = 9 . 2 ± 0 . 92 GPa) SA3 (E r = 6 . 8 ± 0 . 68 GPa) SA4 (E r = 8 ± 1 . 6 GPa) SA5 (E r = 8 ± 0 . 0 GPa) Tree-pulling experiment FIG. 7. Evolution of the work done by the pulling force during the tree-pulling process predicted by simulations (SA1-SA5) compared with that measured in the tree-pulling experiment.
between the simulations and the observations. Four mechanical parameters of roots and soil were selected for this sensitivity analysis. The purpose was to quantify their separate influences on the initial behaviour of the root -soil system characterized by the initial slope of the force -angle response curve. Root tensile strength s t 11 , compressive strength s c 11 and fracture energy G f were not selected in this analysis, because these parameters are involved in calculations only if root breakage occurs. However, according to the simulation results no root breakage was detected during the early loading stage considered. For all cases the initial stiffness of the root -soil system was calculated as the slope of the response curve for reaction forces ranging from 0 N to 4 kN (Fig. 9) . The initial stiffness is supposed to be calculated within the material elastic state of the system. However, in the case of soil cohesion variation of -50 %, the soil zone surrounding the root system was yielding when the reaction force reached 4 kN (blue curve in Fig. 9 ). The initial stiffness was revaluated just before the first yielding zone appeared in the soil in this case (green curve in Fig. 9 ). The initial slope of the force -angle response curve is mainly influenced by the modulus of elasticity of the root and soil materials. A variation of + 50 % in the modulus of elasticity of the roots leads to a variation in the initial slope of -37 . 5 and +32 . 1 %, positively related to the input variation. The same variation in the modulus of elasticity of the soil leads to a variation in the initial slope from -19 . 0 to +8 . 3 %. Soil cohesion and friction angle are not influential factors as long as the overall soil state remains elastic at the early loading stage considered. For the case of a 50 % decrease in soil cohesion, when the pulling force reached 4 kN, the plastic yielding occurred in a zone 60 cm in size (including the stump) in the soil domain. The first evaluation of initial stiffness in the force interval [0, 4 kN] gives a decrease of 19 . 2 % in initial stiffness (blue circles in the third column of Fig. 9 ). The fact that the yielding area appears on the soil surface at a very early loading stage in this case can be explained by the lower soil shear strength resulting from the reduced soil cohesion, according to the Mohr -Coulomb equation t max ¼ s n tanf + c. Revaluation of initial stiffness was then computed in the interval ranging from the soil initial state to the soil elastic state just before yielding. The result shows that the slight variation of 1 . 3 % is due to a decrease of 50 % in soil cohesion (green circles in the third column of Fig. 9) . Finally, the sensitivity analysis indicates that the overestimate of initial root-soil stiffness is due to the overestimation of input elastic data, namely E r and E s . Thus, the accurate estimation of root -soil stiffness probably requires a good estimate of the elastic modulus for both soil and root. The overestimation is probably due to the lack of data on root mechanical properties. Furthermore, Young's modulus of roots at the early loading stage was found to be lower than average values due to their initial tortuosity, and after stretching roots become stiffer, exhibiting average root material stiffness (Commandeur and Pyles, 1991 ). In the model, Young's modulus was defined to be constant with respect to root geometry change during the course of treepulling, which may potentially lead to overestimation of initial stiffness. This new insight into root -soil stiffness illustrates the potential of the present mechanistic model for further application, such as tree-wind interaction for landscape-scale problems for which root-soil flexibility remains poorly described (Jonsson et al., 2006; Szoradova et al., 2013) .
Modelling root failure
The relevance of this new model lies essentially in the improvement obtained in modelling root -soil failure. This gives a more realistic description of every important aspect of the first mechanistic model of root anchorage (Blackwell et al., 1990) . For the first time, we have produced a model that simulates root ruptures realistically, by combining a constitutive law for rupture in composite materials and mechanical parameters for wood available in the literature. Our constitutive law accounted for root brittle failure behaviour under tension, compression and bending. We demonstrated through a simulation case that the numerous drops in turning moment were directly linked to successive root breakages. This type of behaviour with successive drops has been reported in previous field investigations on tree-pulling tests (Cucchi, 2004) . In addition, the signature of (1) intact state of the root system related to the first blue square; (2) after several root breakages, marked by a black circle related to the second blue square; (3) state of root damage before breakage of a thick counter-winchward root occurs, marked by a black circle, related to the first red square; (4) state of root after breakage of a thick counterwinchward root occurs, marked by a black circle, related to the second red square.
root breakages during uprooting was also reported by Coutts (1983) , who measured the sound made by successive root breakages using microphones. This behaviour with successive ruptures was also observed in studies performed to prevent soil erosion by using roots to increase slope stability. This cumulative rupture was reported for numerous field pull-out tests using fine root bundles and this trend could be reproduced in several models adapted from the fibre bundle model (Riestenberg, 1994; Pollen et al., 2004; Schwarz et al., 2012 Schwarz et al., , 2013 . In these cases, the problem was to evaluate the contribution of fine roots to soil reinforcement, so only the tensile failure of roots was accounted for, and root diameter was generally ,1 cm. In our case, the tree uprooting process involves coarse roots under tension, compression and bending failing progressively, which requires a model dedicated to uprooting. Compared with previous tree anchorage models, our model is able to provide more realistic response curves with respect to the experiment and predicted a peak value of turning moment that defined properly the critical turning moment (Dupuy et al., 2005b (Dupuy et al., , 2007 Rahardjo et al., 2009 ). Our results gave fairly accurate descriptions of the behaviour of the root -soil system during tree overturning. Despite the simplifications introduced for root-soil interaction and root material, the estimated critical turning moment was reasonably correct and close to that measured in the experiment. In addition to this first quantitative validation, this new model seems robust in terms of the physics simulated. Our damage model is derived from continuum damage mechanics, for which energy estimation is essential (Murakami, 2012) . All the simulations were in good agreement with the experiment in terms of energy induced by the pulling force. A more in-depth analysis of this aspect of the model would require better simulation of the rupture behaviour of individual roots. At this stage, the constitutive law for root rupture is based on the literature and has not been validated by comparison with mechanical tests on individual roots.
Whereas the model appears to estimate the critical turning moment well, it differs from the observations when considering post-rupture behaviour. The simulations exhibited momentrotation curves that increased after the first stage of the ruptures, contrary to the experimental curve. First from a physics point of view, if larger and stiffer roots take the role of other roots which carried the loads before their breakage, the recovery contributed by these roots may be much more significant than that contributed by roots with lower stiffness (i.e. lower E r or smaller diameter). Our simulations defined higher E r values from the wide range for coarse roots, which could potentially lead to a more significant recovery in turning moment. In addition, this discrepancy could also be partially explained by certain numerical prerequisites. Indeed, the root slippage caused by large deformations of the root -soil system was constrained by the root -soil interaction method used, namely the embedded element method. Thus, potential errors could arise due to the fact that no possible failure occurs at the root -soil interface. Recent developments in understanding soil reinforcement by fine roots permits root -soil interactions to be modelled more accurately by incorporating friction laws for root -soil interaction (Pollen, 2007; Schwarz et al., 2012 Schwarz et al., , 2013 . However, friction laws prove to be expensive in terms of computational cost due to complex geometries and interactions in our model. Such a high level of complexity will probably not be required in the near future because the embedded element method turned out to be a good compromise between accuracy and computational cost (see results in Appendix).
Root mechanical properties
One significant result of this study concerns the role of the mechanical strength of roots. By linking the global root -soil system response characterized by the response curve to local root breakages detected by visualization, we are able to detect broken roots at a given moment. The root breakage pattern due to tree-pulling was fairly well imitated, which allowed us to use the model as a diagnostic tool to explain the mechanical role played by the main root components. The results show that root thickness and root location may strongly influence the contribution of the tree response to overturning. Thick counterwinchward lateral roots contribute more significantly to anchorage strength in comparison with relatively fine lateral and intermediate roots. Furthermore, thick counter-winchward lateral roots contribute more than thick oblique roots. For the first time, we highlight the role played by mechanical properties of roots in the tree's response to overturning, as previously suggested by Coutts (1983) . In our study, we found that both higher root mechanical strength with higher E r in all roots and higher strength with higher E r only in thicker roots provided better root anchorage, which is reasonably correct. But we had to simplify certain root mechanical properties due to the lack of data on root material. Firstly, relationships among the material properties of coarse roots were assumed to be similar to those in stem wood. Thus, the correlations established between E r and the other three parameters, r r , s t 11 and s c 11 , for stem wood also applied to roots. However, it is generally believed that the mechanical properties of roots differ from those of stem wood and vary enormously depending on root age, tree species and root physical properties such as cellulose and water contents (Genet et al., 2005) . For example, the tensile strength measured for coarse roots may range from 9 to 63 MPa (Coutts, 1983) . For the same species (P. pinaster), the longitudinal modulus of elasticity measured may vary from 0 . 8 to 11 GPa (Stokes et al., 1997; Khuder et al., 2007) . The data sets built into all our simulations always took higher values of E r in the range of 0 . 8 -11 GPa, which may lead to estimation errors for all the other parameters related to E r . Furthermore, our sensitivity analysis showed that overestimation of E r potentially led to overestimation of the initial stiffness of the root -soil system. Secondly, relationships between root mechanical properties and root diameter were assumed to be positive linear, based on similar descriptive findings for coarse roots (Stokes and Mattheck, 1996; Khuder et al., 2007) . This may have caused estimation errors for root anchorage strength. Moreover, another mechanical parameter, G f , remained constant for all the simulation cases. This may have led to errors in characterizing root failure behaviour. Finally, we formulated a damage model with an assumption of brittle material for roots. However, load displacement curves from fracture tests on single-edge-notched beams showed that wood in bending exhibited less abrupt post-rupture behaviour than that predicted by our model (Dourado et al., 2008) . In conclusion, more experiment results will be needed to improve and validate the damage model for roots.
Soil mechanical properties
This new model was tested using a set of measured soil properties corresponding to the soil conditions of the tree-pulling tests. This represents a significant improvement because previous modelling approaches either did not consider soil material properties or used only literature findings to model general soil mechanical behaviour (Blackwell et al., 1990; Dupuy et al., 2005b; Rahardjo et al., 2009) . However, the role of the soil compartment remains poorly described and is treated as a homogeneous medium, so that improvements are required in the future to evaluate its impact on tree anchorage. The presence of a water table, rocks, hardpan and organic matter (dead leaves and stumps, roots, soil surface vegetation etc.) modifies the soil, making it much more porous and far from a homogeneous material, as considered here. In particular, numerous studies confirmed that the local presence of fine roots can improve local soil shear strength by providing additional cohesion to the soil (Waldron, 1977; Wu et al., 1979; Waldron and Dakessian, 1981; Pollen and Simon, 2005; Schwarz et al., 2010; Mao et al., 2012 ). The present model could be used to investigate the influence of forest soil properties and its spatial variation on tree stability.
Conclusions
This paper presents a new model of tree anchorage capable of simulating root breakages for the first time. It also permits the localization of damage within the root system and includes specific parameterization for root and soil properties based on measurements and experimental evidence reported in the literature. These simulations were performed without any calibration and were found to be in good agreement with the observations. The results are promising enough to allow consideration of further applications to adult trees, which are more vulnerable to uprooting than young specimens. However, the architecture of the root system of adult trees is different from that of young trees for P. pinaster. This could increase the degree of complexity of the model. For example, the formation of a rigid 'cage' within a root system is common for older P. pinaster (Danjon et al., 2005) . Thus, relevant adaptations for more complex root structures should be made in the model in the future. Nevertheless, our model proved useful for examining the role of root mechanical properties and thus it represents a significant step forward in our understanding of the uprooting process as a function of tree characteristics and soil mechanical properties. Mechanical consequences can also be analysed as a function of certain aspects of root system asymmetry (e.g. leeward chuck-like structure) or other specific root features (e.g. sections of large shallow roots formed as an 'I' or oval beam type close to the stump). Therefore, the model could help us understand how trees optimize the allocation of root material. This is particularly important for our comprehension of tree anchorage. The model is also expected to provide useful information on the underground response of trees to uprooting during storms for landscape wind risk models in the future. In particular, by studying the influence of variations in soil material properties on tree overturning behaviour, the model is expected to help us understand the impact of soil management on rooting (cultivation, iron pans, high water tables, indurations and soil saturation). and soil materials. The entire soil block is meshed into eight-node linear brick elements (C3D8R in the ABAQUS element library) to avoid convergence difficulties. For the case of frictional behaviour, room for roots was provided in the soil. Four-node linear tetrahedron elements (C3D4 in the ABAQUS element library) are chosen to make the soil zone meshable in the vicinity of the root segments. A refined mesh with an average element size of 1 . 5 cm is defined within the zone surrounding the location of the roots and the soil shear zone. For both cases, the soil material is assumed to be homogeneous and initially linear elastic combined with plastic behaviour defined by the Mohr-Coulomb criterion (the same definition as that from the anchorage model). The soil data set in Table 1 is used in all the simulations.
The soil is reinforced by 12 identical parallel root segments. They are equidistant (4 cm apart) and vertically placed in the plane in the middle of the soil block perpendicular to the direction of the imposed horizontal displacement. The geometry of the root segments is assumed to be a thin cylinder 2 cm in diameter and 28 cm in length. For the case of the embedded element, the root segments are meshed into two-node linear Timoshenko beam elements. For the case of frictional behaviour, the root segments are meshed into C3D8R elements. The root material is assumed to be homogeneous and linear elastic with the same density and modulus of elasticity as that from SA5, namely a density of 421 . 4 kg m 23 and a modulus of elasticity of 8 GPa, as well as a Poisson ratio of 0 . 3.
A thin plate is defined about half the size of the lateral face (14 × 50 cm 2 ) of the soil rectangular box to cover the upper half of the lateral face. The plate is meshed into four-node bilinear rigid elements (R3D4 in the ABAQUS element library) and placed against the upper lateral half-face so it is pushed during the shear process. A reference point is defined at the centre of the plate to prescribe its motions (d.o.f.) and record the imposed displacement and pushing force.
Loadings are defined in two analysis steps: the gravity body force is defined in the first step with gravity acceleration g ¼ 9 . 81 m s 22 in the downward direction, -y. A normal pressure of 1 kPa is applied on the top face of the soil block. The effect of both loadings is propagated through the second analysis step. The bottom of the soil box is fixed with all d.o.f. constrained to 0 through a two-step analysis (ENCASTRE in the ABAQUS Analysis User's Guide). Soil motions with respect to four laterals are constrained to 0 in the first step (XSYMM and YSYMM in the ABAQUS Analysis User's Guide). During the second step, which is the shear process, the same symmetry constraint is defined for the lower half of the lateral face on the opposite side of the pushed lateral face. The constraints on the other lateral planes are removed and a displacement of 2 cm is imposed at the reference point of the rigid plate so that the upper half of the soil block is driven to move horizontally in direction x.
Three root -soil configurations were used in order to make separate comparisons of the geometry effect of using the beam element and the interaction effect of the embedded element: (1) roots meshed into solid elements in frictional contact with the soil medium; (2) roots meshed into solid elements embedded in the soil medium; and (3) roots meshed into beam elements embedded in the soil medium.
Results
The two methods predict similar results in terms of the distribution of plastic strain magnitude in the soil block at the end of the shear process ( Fig. 9) : two narrow horizontal soil zones with elevated plastic strain magnitude (PEMAG) start at the midheight of the soil block from both lateral sides ( y, z plane) perpendicular to the direction of the imposed displacement. The plastic 
